Dose rate coefficients computed using the International Commission on Radiological Protection (ICRP) reference adult female voxel phantom were compared with values computed using the Oak Ridge National Laboratory (ORNL) adult female stylized phantom in an air submersion exposure geometry. This is a continuation of previous work comparing monoenergetic organ dose rate coefficients for the male adult phantoms. With both the male and female data computed, effective dose rate as defined by ICRP Publication 103 was compared for both phantoms. Organ dose rate coefficients for the female phantom and ratios of organ dose rates for the voxel and stylized phantoms are provided in the energy range from 30 to 5 MeV. Analysis of the contribution of the organs to effective dose is also provided. Comparison of effective dose rates between the voxel and stylized phantoms was within 8% at 100 keV and is <5% between 200 and 5000 keV.
INTRODUCTION
The Center for Radiation Protection Knowledge at Oak Ridge National Laboratory (ORNL) is conducting a comprehensive effort to calculate gender and age-specific dose rate coefficients for external exposure of stylized phantoms to photons and electrons emitted by radionuclides distributed in air, water and soil (1, 2) . This paper builds upon previous work by Bellamy et al. (2) that compared organ doses of the International Commission on Radiological Protection (ICRP) Publication 110 adult male voxel phantom (3) to the updated ORNL stylized phantom by Han et al. (4) for a male phantom fully submerged in air. In the scope of the initial work, Bellamy et al. (2) reported comparisons of organ dose rate coefficients for both the male stylized and voxel phantoms for monoenergetic photon energies ranging from 30 to 5000 keV.
The use of an infinite air medium calculation has been derived from the traditional practice of dividing the infinite medium by a factor of two, accounting for the air-ground interface dose for submersion in an infinite medium (2, (5) (6) (7) (8) . In addition to the work by Bellamy et al., on the male phantom comparison, previous work by Kramer et al. (9) identified a difference of~10% in effective dose between the phantom models for photon energies >500 keV, and a difference of 10-20% for photon energies between 100 and 500 keV.
The work described here reports the organ dose rate coefficients of the ICRP Publication 110 female voxel phantom (3) and compares these to the ORNL female stylized phantom (4) . With the computation of both male (from Bellamy et al. (2) ) and female organ dose rate coefficients derived here, effective dose rates, as described by ICRP Publication 103 (10) , using the voxel and the stylized phantoms of each gender were computed and compared.
Furthermore, with the availability of male and female organ dose rate coefficients, any deviation in comparing the effective doses is identified and discussed in both the male and female voxel and stylized phantoms.
METHODOLOGY
Calculations presented here reflect the methods employed by calculations with the male phantoms by Bellamy et al. (2) , but paralleled with the ICRP Publication 110 adult female voxel phantom (3) and ORNL adult female stylized phantom (4) . The ICRP adult female voxel phantom consists of 14.255124 × 10 6 voxels of which 3.88602 × 10 6 are the tissues of the phantom. The remaining voxels describe air filled region surrounding the phantom. The phantom is oriented along a Cartesian coordinate system with the x-axis from the left to the right of the phantom, the y-axis from the front to the back of the phantom and the z-axis from the bottom to the top of the phantom; there are 299 voxels in the x-direction, 147 voxels in the y-direction and 346 voxels in the z-direction. Each voxel has in-plane resolution of 1.775 mm, with a total of 53 distinct material compositions defining the phantom (3) . The adult female stylized phantom was originally developed at ORNL by Cristy and Eckerman (11) and modified two decades later by Han et al. (4) . The modified ORNL adult female stylized phantom (11) included revisions to organ elemental compositions to better reflect ICRP Publication 103 organs and tissues (10) . This included modifications to the head, brain, salivary glands, respiratory tract, extrapulmonary airways, alimentary tract, rectosigmoid colon, urinary bladder mucosal wall and kidneys. In addition to the modifications by Han et al. (4) , minor revisions were made to radiation transport parameters in the stylized phantoms (1, 2, 11) , including updates to the assigned organ volumes. The ORNL stylized phantom contains all organs included in the effective dose, as specified in ICRP Publication 103 (10) with the exception of the extrathoracic region and the lymphatic system, for which the thymus serves as surrogate. The female stylized phantom consists of~100 mathematical volumes representing body tissues and organs, and comprises 23 distinct material compositions defining the phantom. While the female voxel phantom employed here is based on the phantom in ICRP Publication 110 (3) , minor modifications were made in the material composition, density, organ/tissue volume and geometry. In the scope of this work, in accordance with the work by Bellamy et al. (2) , tissue masses, compositions and densities were updated in to comply with ICRP Publication 89 (12) and ICRU Report 46 (13) . The computation of female photon organ dose rate coefficients using the voxel and stylized phantoms was conducted by use of the Monte Carlo N-Particle Transport Code ver. 6.1.1 (MCNP 6.1.1) (14) . Paralleling the methodology employed with the male (2) , calculations of dose rate coefficients considered the female voxel and stylized phantoms submersed in the center of an infinite cloud of contaminated air. The elemental composition and 1.2 kg m −3 density of air, 40% relative humidity and 760 mmHg pressure mimic that of the male case (Table 1 of Ref. (2) ). The contaminated air environment was modeled in MCNP 6.1.1 as a rectangular parallelepiped with dimensions 1.1 × 0.8 × 2.85 m. The contaminated air environment employed the reflective boundary condition function in MCNP 6.1.1 such that the photon incident on the boundary fully reflects with no associated energy loss, hence representing an infinite cloud.
Radiation transport simulations in MCNP 6.1.1 were conducted in two phases. First, the collided and uncollided (scattered and unscattered) photon angular and energy-dependent fluences due to contaminated air were calculated by using a coupling surface surrounding the phantom location without the phantom embedded. The coupling surface was an air-filled parallelepiped of dimensions 0.9 × 0.6 × 2.65 m, centered in the contaminated air environment. The coupling surface employs the surface source write (SSW) functionality in MCNP 6.1.1, in which the photon distribution from the contaminated air source term at boundary of the coupling surface is recorded.
In the second step, the phantom was embedded in the center of the coupling surface and particles were transported from the coupling surface using the photon spectrum recorded in the previous step. This employs the surface source read (SSR) option in MCNP 6.1.1, in which the coupling surface obtained from the SSW acts as the photon source term. The organ dose rates were computed by scoring over the phantom. The SSW and SSR coupling surface is depicted in Figure 2 of Ref. (2) . All Monte Carlo calculations were performed on a small Beowulf computing cluster using several Intel Core i7 and Apple Mac Mini computers with Intel Core2Duo processors. Runtimes were in the order of 1 × 10 5 CTME (computational time as calculated by MCNP). Source particles were below an energy of 1 × 10 −3 MeV. Dose rate coefficients and derived quantities were calculated for eight monoenergetic photon energies at 30, 50, 100, 200, 500, 1000, 2000 and 5000 keV. The spectra recorded on the coupling surface for the emission of 100 keV, 1 MeV and 5 MeV photons are similarly used with the female phantom simulations, and depicted in Figure 3 of Ref. (2) . Organ dose rates were calculated in MCNP 6.1.1 using track-length fluence estimators to determine the energy-dependent fluence in the organs. The kerma approximation was employed by folding the fluence estimation with tissuespecific fluence-to-kerma coefficients as described in Ref. (14) and similarly employed in Ref. (2) . Simulations were run for the coupling surface in MCNP 6.1.1 until 10 million particles were transported in the coupling surface source calculation at 30 keV and until 100 000 particles were transported at 5 MeV. All particles were transported from the coupling surface source to the phantom. All organs required for the computation of effective dose identified in ICRP Publication 103 (4) were considered. The organ dose error of the Monte Carlo calculation was typically under 5% for the adrenals, one of the organs hardest to tally. Other organ doses had an even higher tally precision with organ dose rate data from both male and female phantoms, the effective dose E was computed for the voxel and stylized phantoms using ICRP Publication 103 tissue weighting factors (4) as follows:
With organ T, the tissue weighting factor w T , equivalent dose H T , radiation type R, radiation weighting factor w R , absorbed dose D T,R in the volume of organ T due to radiation of type R. Table 1 summarizes organ dose rate coefficients for three photon energies at 100, 1000 and 5000 keV. For each energy, the first and second columns show the dose rate coefficients for the voxel and the stylized female phantoms. The third column contains the ratio of the voxel divided by the stylized dose rate coefficient. Figure 1 shows a plot of the organ dose rate coefficients for 100, 1000 and 5000 keV. The majority of the organs show slightly higher dose rate coefficients for the stylized phantom, having ratios between 0.8 and 1. Overall, the organ dose rate coefficients for the female ratios show greater variance than those for the male ratios. For the male phantoms, all dose rate coefficient ratios are in the range from 0.8 to 1.2. Notably for the female phantoms, the red marrow, the salivary glands, the small intestine and the uterus show organ dose rate coefficients significantly higher in the voxel than in the stylized phantom, with organ dose rate coefficients over 1.2. Figure 2a shows the relative contribution of each organ to the effective dose for the voxel and the stylized phantom in the energy range from 10 to 5000 keV. Each effective dose value is normalized to 1. For visibility, the organs contributing to the remainder sum are shown in a separate plot (Figure 2b ). For a given organ, the plot value is given as:
RESULTS
The ratio of the effective dose rates between voxel and stylized phantoms is shown in Figure 3 . For energies above 100 keV, the effective dose rate calculated with either type of phantom agree within 10%. The general trend shows an increase in effective dose rate in stylized phantoms with photon energy. Over 500 keV, the effective dose rate is higher when estimated with the stylized phantom than with the voxel phantom.
DISCUSSION
A greater variance was observed between the voxel phantom and the stylized phantom for the female phantoms' organ dose rate coefficients than for the male phantoms, as noted above. This discrepancy can be explained by two main differences in the phantom setup: (1) geometry and dimension of the phantoms and (2) use of surrogate tissues in the stylized phantom. The voxel phantoms for the male and the female are based on clinical tomography image sets of persons similar to the reference person having a height of 176 cm and a mass of 73 kg for the male and a height of 163 cm and a mass of 60 kg for the female (3) . The voxel phantoms also vary in width and depth, as well as in the size of the internal organs. The stylized phantom is a hermaphrodite (i.e. male and female organs housed in one phantom). The stylized phantom consequently has the same dimensions when regarded as a male or a female phantom. The height is 173 cm and the mass is 76 kg, which is comparable to the male voxel phantom but 6% larger in size and 21% higher in mass than the female voxel phantom. Table 2 compares basic properties of the male and female voxel phantom to the stylized phantom. Not only the mass of the stylized phantom itself but also the mass of the inner organs is more comparable to the male voxel phantom than to the female voxel phantom (see Table 8 in Ref. (4) for a comparison of the ICRP Publication 89 (12) organ data, which serves as a basis for the ICRP Publication 110 (3) voxel phantoms, to the organ masses used in the stylized phantom). Furthermore, the stylized phantom uses surrogate tissues for two organs, the extrathoracic region and the lymph, for which the thymus acts as a surrogate.
As seen from Figure 1 , the small intestine has the second largest difference between the voxel and the stylized phantom; the difference can be explained by the difference in organ masses, but more predominantly by organ volume and geometry (organ shape, distances), between the male and female phantoms. The small intestine has a 9% higher mass in the male voxel phantom than in the stylized, while it is 6% smaller in the female voxel phantom. The same discrepancy also explains the large difference in the organ dose coefficient rate for the red bone marrow. The thymus has a 2% higher mass in the male voxel phantom than in the stylized phantom, while it is 69% higher in the female voxel phantom than in the stylized Figure 3 . Ratio of effective dose rate coefficients between the voxel and the stylized adult phantoms. Table 2 . Comparison of male and female voxel and stylized phantoms, see Table 8 in Ref. (4) . phantom. Comparing the contribution of the organs to the effective dose (Figure 2 ) between the voxel and the stylized phantom shows that a large number of organs have comparable contributions in both phantoms and also comparable changes with increasing energy, while certain organs behave differently. As depicted in Figure 2 , the most dominant is the discrepancy in the relative contribution to the effective dose between the stylized and the voxel phantoms in the breast. While the contribution to the effective dose for the stylized phantom is 0.3, it is only 0.1 for the voxel phantom at 30 keV. The contribution of the breast in the voxel phantom increases slightly for higher energies but decreases in the stylized phantom with higher energies. At 5000 keV, the contribution in the stylized phantom has decreased to~1.5, while the contribution in the voxel phantom has increased to~0.2. For the lung and the red bone marrow, the contribution in the stylized phantom increases with higher energies, while the contribution in the voxel phantom stays relatively constant over the energy range.
Of the organs that ICRP considers as remainder (see Figure 2b) , the adrenals contribute roughly 2-3 times more to the effective dose in the stylized phantom than in the voxel phantom; other organs with higher contributions in the stylized phantom include thymus, spleen and gall bladder. In contrast, the contribution of the small intestine to the effective dose is about twice as high in the voxel phantom. Overall, the contribution of the remainder organs to the overall effective dose is relatively constant at~8% in the voxel phantom, while it increases with the energy from~8 to 12% for the stylized phantom, over the energy range of 30-5000 keV. Again, this is due to variations in defined organ volume/geometry, organ proximity and voxel resolution in defining the voxel and stylized phantoms.
CONCLUSIONS
Organ dose rate coefficients calculated for the adult female stylized and voxel phantoms were generally in good agreement between 30 and 5000 keV. Incorporating data from previous work with the adult male voxel and stylized phantom permitted calculation of effective dose as defined by ICRP Publication 103 (10) ; effective dose for the voxel and stylized phantoms were within 8% at 100 keV and within <5% between 200 and 5000 keV. Differences in organ dose rate coefficients were attributed to organ position, shape and phantom features. For example, the small intestine lining was modeled in the voxel phantom but was homogenized in the small intestine in the stylized phantom. However, the stylized phantom has sufficient resolution to model thin, sensitive walls, which is not permitted by the resolution of the voxel phantoms. Overall, in the case of air submersion, organ doses between the voxel and stylized phantoms were well correlated, resulting in comparable values of effective dose.
